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DRAG DATA FOR 16-INCH-DIAMETER RAM-JET ENGINE WITH DOUBLE-CONE INLET
IN FREE FLIGHT AT MACH NUMBERS FROM 0.7 TO 1.8

By Merle L. Jones, ILeonard Rabb, and Scott H. Simpkinson

SUMMARY

The investigation of alr-launched ram-Jet engines has been extended
to include a study of models with double-cone inlets having a design free-
stream Mach number of 2.4. One of these models was thoroughly instru-
mented slong the cowl and external splke in order to obtaein detalled drag
data for this type inlet. The model was launched from an eirplane at a
pressure altitude of 35,000 feet, rocket-propelled through the transonic
Msch number range to a free-stream Mach number of 1.87, and then deceler-
ated by drag forces back through the transonic range. Drag data are pre-
sented in the form of cowl pressure drag, additive drag, internsal drag,
base drag, and total drag. Mass-flow ratios are presented for both the
rocket-on and rocket-off portions of the flight. Equivalent ram-jet
total-temperature ratlos are presented with corresponding thrust-rminus-
drag coefficlents.

INTRODUCTION

The NACA Lewis leboratory has been conducting a series of free-flight
investigations of the transonic and supersonic performance of 16-inch-
diameter ram-jet engines. These englnes were launched at high altitudes
from a carrier airplane and were fin-stabilized to follow a zero-lift
trajectory. The engines contained no guldance equipment, and the per-
formance data were obtained by means of telemetering and radar tracking.

All the ram-Jjet engines had supersonic annular-nose inlets of the
Ferri type. The first series of engines investigated had 25° half-angle
single-cone inlets with the cowl lip positioned to intercept the oblique
shock at a free-stream Mach nunber of 1.8. The performance data of these
engines have been reported in references 1 to 8. The second series of .
engines were designed for a free-stream Mach number of 2.4. The inlets of
these engines differed from the first series of engines not only in design
Mach number, but also in the spike design. The spike consisted of a double
cone with 22° and 35° half-sngle cones. These units, designed for a Mach
nunber of 2.4, requlred a rocket-booster unit to accelerate them through
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the trensonic Mach number range. The performance of this engine type has
been reported in references 8 and 9. T

Detailed drag deta for the single-cone inlet models are reported in
references 6 and 7. Similarly detailed drag data for the double-cone-
inlet ram-jet englne were obtained from 30 telemetered measurements in
place of the 12 described in reference 9. The additional space requlred
was made avallable by removing the ram~jet_fuel system and propelling the
model by an internally mounted solid-propellant rocket. The effect of
ram-jet combustion on air mass flow was simulated by restricting the air
flow at the exit with a convergent section. The model was launched from
an F-82 carrier airplane at s pressure altitude of 35,000 feet. It was
accelerated by the rocket through the transonic Mach number range to a
maximum free-stream Mach number of 1.87 and then was decelerated by sero-
dynamic drag forces to a subsonic Mach number before the flight ended.
The performance data oObtained are presented herein.

SYMBOLS
The following symbols are used in this report:
A capture area at cowl lip, 0.976 sq ft

C

Apex  maximum cross-sectional area, 1.43 sq ft

a, net acceleration (acceleration in a direction along the longitudi-
nal axis of the model), g's _ S

CD drag coefficient based on meximum cross-sectional ares, D/qOAmax

Ca drag coefficient based on capture area at cowl llip, D/quc

Cp thrust coefficient, ¥/qpA ..

D drag, 1b

da maximum diameter, 16.19 in. _

F thrust, 1b

£/a fuel-air ratilo
M Ma.ch number

m mass Llow, slugs/sec

F__
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mgy mess flow in free-stream tube equal in area to capture area,
slugs/sec

P total pressure, Ib/sq ft abs

P statlic pressure, Ib/sq £t abs

o] dynamlic pressure, 0.7 pM?, Ib/sq hig

Re Reynolds nunmber based on model length of 15.04 £t

S axial distance from cowl 1lip, in.

T total temperature, °R

t static temperature, °R

X axial distance from apex of cone, in.

g ratio of maximum possible air flow at a glven free-stream Mach
number to that which could flow through a free-stream tube of
diameter equal to the cowl-lip diameter

e combustion efficiency

1! 1 + fuel-air ratio

T total-temperature ratio, Té/TO

Subscripts:

a additive

b base

e cowl

t friction

i internal

8 spike

sonic local sonic flow conditioms

% total

0 station at free stream

TR,
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2 station In diffuger 4.06 in. downstream of inlet

4 station at exit

APPARATUS AND PROCEDURE

A photograph of the model mounted on the carrier sirplane is shown
in figure 1. The inlet was a double-cone type with no internal contrac-
tion in the diffuser and with cone half-angles of 22° and 35°. The cowl
lip was positioned to intercept the first obligue shock at & free-stream
Mach number of 2.4. In order to simulate the mass-flow effects of com-
bustion, the alr flow at the exit was restricted by a convergent section.
A sketch of the 16-inch-dlameter model showing dimensions and the cowl
lip detail 1s shown in figure Z. A photograph of the model prior to
mounting on the carrier airplane is shown In figure 3.

The rocket used to propel the model was a 6-KS8-3000, T-40 solid-
propellant unit which is rated at 3000 pounds of thrust at sea level for
6 seconds. It weighed 133 pounds fully loaded and 31 pounds after burn-
out. In order to imsure satisfactory ignition, the rocket was maintained
at 90° F while on the carrier airplane by &ifi electrically heated blanket.
Heating the rocket also had the effect of increasing the total impulse.

The model was released from the alrplane at a pressure altitude of
35,000 feet and a free-stream Mach number of 0.56. Rocket ignition oe-
curred 4.54 seconds after release and lasted untll approximately 11.2
seconds after release. The model reached a maximum free-stream Mach num-
ber of 1.87 approximately 10.6 seconds after release; at this time the
drag forces began to exceed the diminishing thrust of the rocket and the
model began to decelerate. After rocket burn-out, the model continued to
decelerate until a free-stream Mach nunber of 0.65 was reached at ground
impact 57 seconds after release.

A radar-tracklng unit, type SCR 584, with optical tracking feacili-
ties was used to determine the position of the model in space. An atmos-
pheric survey was conducted by the carrier airplane in order to determine
the ambilent pressure and temperature throughout the flight altitude range.
Velocities of the winds aloft were obtained by releasing a weather balloon
end tracking it by radar. These wind velocltles were applied to the com-
puted space veloclties of the model in order to get the velocity of the
model relative to the air.

The model weighed 449 pounds at release and 347 pounds after rocket
burn-out. Twenty-one pounds of ballast were carried in the nose in order
to obtain a desired center of gravity location of 100.2 inches from the

gpex of the cone.

- 3323
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JINSTRUMENTATION

The model contained a 10-channel telemetering transmitter with a
switching unit which allowed 30 different measurements to be transmitted
within a time Interval of 0.17 second. A photograph of the telemetering
equipment is shown in figure 4. TFigure 5 is a close-up view of the
switching-unit assembly.

Of the 30 measurements made, 28 were pressure measurements and two
were axial accelerations. The cowl surface was instrumented with eight
statlec-pressure taps (see fig. 6). The instrumentation along the center-
body is illustrated in figure 7. Eleven static-pressure taps were lo-
cated along the spike as shown. (The first pressure tap following the
micarta insulating block is not visible in the photograph.) In addition,
the inlet was instrumented with a flush static-pressure tap and a static-
pressure probe. A slotted averaging-type total-pressure probe and a
flush static-pressure tap, which were used to measure the air flow in the
diffuser, are also shown. Additional pressure measurements were made at
the model exit; these included the exit static and total pressures and
the base static pressure. The pitot-static tube used to measure the free-
stream static and total pressures also served the telemetering unit as an
antenna. Two accelerometers measured the axial accelerations - ranges of
0O to -4.5 g's and -6 to +13 g's were used.

METHODS OF CALCULATION

The free-stream Mach nunber was calculated from the ratio of the
free-stream static pressure to the total pressure which was measured at
the pitot-static tube. For supersonic Mach numbers, normal-shock correc-
tions were applled to the measured total pressure. The free-stream static
pressure was determined:from the altitude of the model as obtained from
the radar-tracking unit. This information was available only for the

wfirst 31 seconds of f£light, at which time the model reached an altitude

of 18,500 feet. The measured free-stream statlic pressure was used for
the remainder of the f£flight.

The air flow through the engine was calculated from the measured
total pressure and static pressure in the diffuser and the calculated
free-stream total temperature. The mass-flow ratio m/ho is defined as

the ratio of ailr flowing through the englne to the air which could flow
through a free-stream tube of diameter equal to that of the cowl lip. In
terms of areas, m/mo equals the free-stream tube area divided by the

projected 1lip area.

The internal drag was calculated from the change in total momentum
of the internal air flow between the free stream and the engine exit.

Ii e et - ¥ ]



6 g NACA RM E54HO2

L]

The total dreg, which was obtained from the model weight and accel-
erometer date, and the base pressure drag were calculated in accordance
with reference 6. The additive, cowl pressure, and spike pressure drags
were calculated in accordance with reference 7. :

In order to calculate the propulsive thrust coefficlent of an equiv-
alent burning ram-Jet engine wlth a straight-pipe exit, 1t was necessary
to determine the total-temperature ratios T which would be required to
produce the cbserved mass-flow ratios. The calculations for T were
made with the following assumptions: The total-pressure drop across the
flame holder was equal to twice the dynamic pressure immediately upstream
of the flame holder; the ratio of the total pressure upstream of the
flame holder to the free-stream total pressure was equal to the average
of the total-pressure ratios near the diffuser inlet and the englne out-
let; the gas constant dld not change across-the combustion chamber; and
L was equal to 1.055. After the flow conditions immediately downstreanm
of the flame holder were determined, the equivalent totel temperatures
at the exit were calculated from the equations for momentum change and
Pressure drop due to heat addition in a constant-area duct by an itera-
tion process in which values for the exit Mach number and the specific
heat ratio 7t were assumed. In addition, calculations were made for the
total-temperature ratios and propulsive thrust coefficients which would
be produced by a fuel-air ratio of 0.067 and a combustion efficiency of
90 percent. The free-stream conditions used were the same as those ob-
served during the rocket-off portion of the flight. The assumed total-
pressure recoveries in the diffuser and the assumed total-pressure drop
across the flame holder were the same as those mentioned previously.

The thrust minus drag corresponding to the simulated heat addition
was obtained by subtracting the external drag (cowl drag plus additive
drag plus estimated friction drag) from the calculated thrust due to the
similated heat addition. The thrust was calculated as the difference
between the total momentum of the engine exhaust gases and that of the
engine air flow In the free-stream tube. -

Only portions of the date were usable during the rocket-on portion
of the flight. After the model reached a free-stream Mach number Mg

of 1.15, an unstable condition developed which caused large fluctuations
in the accelerations, the spike pressures, and the alr flow. The cowl
pressures were not affected until near the end of the rocket-on portion
of the £light. The unstable condition can be attributed to either rocket
chugging or to inlet buzzing resulting from the very low mass-flow ratios.
Since no difficulties were experienced with the rocket in prior or subse-
quent flights, it is more probable that inlet buzzing was responsible for
this instability.

3323
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RESULTS AND DISCUSSIONS

A plot of the model flight acceleration, altitude, and free-stream
Mech number against time is shown in figure 8. The acceleration data
during the rocket-on portion of the f£light have not been presented be-
cause of the unstable operation. The accelerometer indicated high fre-
quency ard large amplitude oscillations. It was possible to determine,
however, that the maximum acceleration of the model was approximately
10.5 g's. A maximum deceleration of 3.24 g's occurred during rocket
tail-off (that portion of the rocket operation when the thrust goes to
zero) after which the deceleration decreased to a value of 1.35 g's and
remained at that point for the rest of the flight. The free-stream Mach
number increased rapidly after rocket ignition to a maximum of 1.87
shortly before rocket burn-out and then decreased graduslly to & value
of 0.65 at ground impact.

The free-stream static pressure, static temperature, and Reynolds
number encountered during £light are presented in figure 9. The Rey-
nolds number is based on a body len of 15.04 feet. Figure 10 shows
the variation of mass-flow ratio m L) with free-stream Mach number.

Also shown is the theoretical maximum mass-flow ratio of the inlet for
the range of free-stream Mach number encountered during the flight. The
exit restriction had the effect of reducing the air flow through the en-
gine and thereby reducing the mass-flow ratio below the critical value.
The rocket gases being expelled through the engine outlet during rocket
operation provided an additional restriction which further reduced the
mass-flow ratio below the critical value. The minimum m/mo was 0.260

at a My of 1.10 during the rocket-on portion of the flight, while the
corresponding m/ho for the rocket-off portion of the £light was 0.475.

Comparison between the theoretlcal curve and the high mass-flow ratio
curve indicates that approximately 10 percent of the maximum mass-flow
was being spilled at the inlet during the rocket-off flight. The level-
ing off of the high mass-flow ratio curve at M, above 1.5 is probably

an effect of the rocket tail-off. As previously mentioned, the model
experienced an unstable operating condition during the rocket-on flight
which affected the mass-flow ratios at Mp=>1l.2. Therefore, the data

which have been presented at Mach numbers greater than 1.2 represent
average rather than instantaneous values. At Mach numbers above 1.66,
the data have not been presented because of extreme fluctuations in the

air flow.
Pressure Recovery

The total-pressure recovery in the diffuser at a station 4.06 inches
downstream of the inlet is shown as a function of free-stream Mach

LTI
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number in figure 11. Data are shown for the rocket-off portion of the
flight and part of the rocket-on portion of the flight. Also shown are
unpublished data from tests made in the Lewis 8- by 6-foot supersonic
wind tunnel on an inlet identicel to that reported herein. The mass-flow
retios for the tunnel data are the same as those observed during the
rocket-off flight. Although the rocket-off flight data indicate total-
pressure recoveries slightly greater than 1.0, the tunnel data indicate
recoveries for this inlet very close to 1.0. Agreement between the two
are within 2 percent. The rocket-on data indicate high separation losses
which are associated with low mass-flow ratios.

Drag

The total drag of this model with simulated ram-jet combustion con-
slsts of cowl pressure drag, additive drag, extermal friction drag, in-
ternal drag, and base pressure drag. Insofar as the performance of a _.
burning ram-Jet engine with exit area equal to the maximum cross-sectional
area 1s concerned, only the first three drag components are of interest -
the internal drag and base drag would not exist. However, the internal
and base drag components are required for correlation of the component
drags with the total drag as determined by accelercmeter data. These
internal drag and base drag data are also of interest in connection with
other configurations.

Cowl dreg. - Figure 12 presents the effects of mass-flow ratioc on the
cowl-gurface pressure distribution for constant velues of free-stream Mach
number. The data are presented as & ratio of the measured cowl static
pressure to the ambilent static pressure Pc/PO plotted egainst the axial

distance parameter S/d for a range of freé-stream Mach number from 0,70
to 1.80. The higher turning angles around the cowl lip associated with
lower mass-flow ratios result in higher velocities with lower pressures.
Because of this strong effect of mass-flow ratio on the flow around the
cowl 1ip, the effects of mass-flow ratio on the static-pressure distribu-
tion were greatest in the region near the lip (S/d<0.1). The pressure
gradient in this region changed from positive to negative in the Mach
number renge from 0.7 to 1.2. Generally speaking, the effects of mass-
flow ratio diminished with increasing values of S/d. The curves indicate
that the static pressure along most of the cowl was less than the ambient
static pressure. As a result, along these portions of the cowl the force

was in the thrust direction. The theoretical curves of (Pc/bo)sonic are

used to denote the static-pressure ratios that would exist along the cowl
in local sonic flow. Above & free-stream Mach number of 0.9, the flow
over most of the cowl was supersonic - a very small region near the inlet
remained subsonic through a My of 1.4 at the higher mass-flow ratios.

The sharp break in the curves at S/d = 0.1 1is a result of the expanding
flow around the sherp angle near the cowl lip (see fig. 6). No data are

3323
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presented for the low mass-flow ratio (rocket-on operation) at a My of

1.80, because at this point the cowl pressures were affected by the un-
stable operation.

In the free-stream Mach number range from 0.7 to 1.2 during the
rocket-off portion of the flight, the mass-flow ratio remasined relatively
constant (0.47 to 0.49). TFor that part of the flight, the data of figure
12 are presented in figure 13 in order to show the effect of My on the

cowl-surface pressure distribution at a constant mass~-flow ratio.

Figure 13 is a plot of the cowl static-pressure ratio pc/bo against

the axlial distance parameter S/d for a range of free-stream Mach number
from 0.70 to 1.20 at a constant mass-flow ratio. Superimposed upon the
figure is the sonic line which locates the local sonic Mach number along
the cowl. In the free-stream Mach number range from 0.7 to 0.9, two sonic
points existed along the cowl for each Mp. The first sonle point moved

upstream from an S/d of 0.05 to an S/d of 0.02 as the My increased

from 0.7 to 0.9. The second sonic point moved downstream from an S/d
of 0.10 to an S/d of 0.72 as the My increased from 0.7 to 0.9. In’

the free-stream Mach number range from 1.0 to 1.2, one sonic point existed
on the cowl for each MO. The locatlion of this point remained fairly

constant at an S/d = 0.02.

The cowl pressure drag coefficient based on the maximum cross-
sectional area CD,c is presented in figure 14 as a function of the free-

stream Mach number. The negative cowl drag coefficient, which 1is, in
effect, a thrust coefficient, reached a maximum value of 0.19 at a My

of 1.05 and a m/mo of 0.260 during the rocket-on portion of the £light.

The cowl pressure drag coefficient based on the capture area of the
covl lip Cg o 1is presented in figure 15 as a function of mass-flow

ratio for various free-stream Mach numbers. Because of the limited data,
the curves of figure 15 are drawn as stralght lines. It is felt that the
error involved in this assumption is insignificant for purposes of inter-
polation, but that linear extrapolation should be avoided. At the lower
mass-flow retios (approximately 0.3), Cd,c changes very little as My

increases from 0.7 to 1.2. The slopes are approximately constant in the
subsonic Mach number range (0.7 to 0.2) and then increase rapidly through
the transonic Mach number range (0.9 to 1.2). In the supersonic Mach
number range, the slopes decrease again.

Additive drag. - The thrust of a turbojet or ram-jet engine is usu-
ally considered as the difference between the total momentum of the gases
leaving the engine and the free-stream total momentum of the engine air

ST T AT,
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flow. This is a purely arbitrary definition of thrust and results in a
term called "additive dreg." The additive drag may be defined as the
drag force acting in the axial direction on the entering streamlines to
the engine. This term completes the force envelope on the engine and
makes possible an accurate analysis of the net propulsive force. The
additive drag coefficlent based on the maximum cross-section area CD a

is presented against free-stream Mech number in figure 16. Dsata are pre-
sented from & My of 0.70 to 1.8l when the rocket is not operating. Dur-

ing rocket operation, the data are not presented beyond a MO equal to

1.15 because of the unstable operation. It is apperent that the sdditive
drag was consideraebly greater during rocket operation (low mass-flow ra-
tios) than during the decelerating portion of the flight. As Mo in-

cregsed from 0.70 to 1.15, Cp g 1ncreased from 0.045 to 0.218 for the
J

rocket-off flight and from 0.198 to 0.453 for the rocket-on flight. The
effects of mass flow on the additive drag coefficient can be more easily
observed in figure 17 where additive drag coefficient based on the cowl-
lip projected area C is plotted egainst mass-flow ratio m/m for

constant free-stream Mach numbers. The additive drag coefficient was ob-
served to increase as the Mach number increased at constant mess-flow ra-
tio. For example, as My increased from 0.80 to 1.10 at m/mO of 0.50,

Cd a increased from 0.081 to 0.261. This trend is typical of subsonic
2

engine operation. Unpublished dats from tests made in the Lewis 8- by
6-foot supersonic wind tunmnel on an inlet identical to that reported here-
in are also- shown in figure 17. The agreement between the tunnel data and
the flight data is very gocad. : =

The additive drag of a conical inlet that is operating subcritically
at off-design supersonic free-stream Mach numbers is affected by the rela-
tive mass-flow capacilty of the inlet as well as by the cone angle, free-
stream Mach number, and mass-flow ratio (ref. 10). In other words, B 1is
also an important paremeter when additive drag is dlscussed. The varia-
tion of B with My for the double-cone inlet of this report has been

presented in figure 10. The theoretical effect on the additive drag coef-
ficient of changing B from 1.0 to 0.75 for a 25° half-angle single-cone
diffuser is presented in figure 17 at My = 1.80.(ref. 10). Reducing B

from 1.0 to 0.75 at m/ﬁo = 0.61l2 theoretically reduced Cd,a by 40 per-
cent. For the double-cone inlet of this report, Cd,a was 0.470 for

m/mo = 0.612 and MO = 1.8 (B = 0.75). This value is 20 percent greater

than that for the 25° cone inlet operating at a B of 0.75.
The additive drag coefficient calculations as described in refer-

ence 7 included ah evaluation of the pressure drag along the spike. The
statlc-pressure distribution along the splke is. presented in figure 18 in

PR e L)
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the form ps/bo against the axlal distance from the apex of the cone.

The data are presented at constant free-stream Mach numbers for the ob-
served mass-flow ratios. At M, sgreater than 1.10, the data are pre-

sented for only one mass-flow ratio because of the previously discussed
effects of the unstable operation. There is a pronounced effect on the
pressure distribution along the spike for a given free-stream Msch num-
ber as the mass-flow ratio changes. For example, at My = 0.90 and

m/ﬁo = 0.474, the pressure ratio ps/bo rises slightly along the first

cone from 1.29 to 1.35 and then drops rapldly along the second cone to a
minimum value of 1.0 at x = 10.56. For the reduced mass-flow ratio of
0.283, the variation of ps/bo along the spike was very different. The

abrupt change in the pressure distribution which occurred at x = 7.44
for m/mo = 0.474 was not observed at m/ﬁo = 0.283 and the pressure

ratio continued to increase gradually all along the spike.

The positive pressure gradient along the initial cone changed only
slightly through a MO of 1.2 and then became progressively greater at

the higher Mach numbers. The theoretical pressure ratio for the initial
cone is also indicated in figure 18(g) to (i) for M, = 1.40 to 1.80.

In computing the spike drag, the spike pressures were integrated
from x =0 to x = 10.56. The sudden increase in ps/po beyond

x = 10.56 was due to the increase in flow area in the diffuser beyond
the inlet station.

The effect of free~stream Mach number on the spike pressure distri-
bution for an approximately constant mass-flow ratio (m./r};O of 0.47 %o

0.49) is shown in figure 19 for MO = 0.70 to 1.20. The curves exhibit a

similarity in trend throughout this Mach number range since the flow over
the spike was subsonic (the oblique shock attachment to the first cone
did not occur until a free-stream Mach number of 1.25 was reached). Ex-
cept for = very small part of the spike near the inlet at Mach numbers of
0.7 and 0.8, the static pressure along the spike was greater than the
free-stream static pressure in the Mach number range from 0.7 to 1.2.

The static pressure along the spike increased with increasing Mach number.
The spike pressure drag coefficient based on the maximum cross-sectional
area C is plotted in figure 20 against the free-stream Mach number.

D,s
Additive plus cowl drag. - The additive and cowl drag coefficients
are presented in figure 21 in the form of (CD,a + cD,c) against free-

stream Mach number for the observed mass-flow ratios. Lines of constant
mass-flow ratio have been faired through the data points. For _m/mo

PN
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equal to 0.47, (CD,a + cD,c) increased from 0.082 at & My of 1.00
to 0.208 at a My of 1.20. The maximum observed velue of (CD,a + CD,c)
was 0.327 for m/mo = 0.612 at a My of 1.81. Also shown in figure 21

are free-flight date for the same type inlet under actual burning'condi—
tions (ref. 9) at mass-flow ratios of 0.66 to 0.89 and Mach numbers of
1.55 to 2.00. -

Internsl drag. - Figure 22 shows the Internal drag coefficlent
CD,i plotted against free-stream Mach number. Because of the unstable

operating conditions and resulting unstable air flow, no data are pre-
sented for the rocket-on portion of the £light. The internal drag coef-
ficient decreased from 0.119 at a free-stréam Mach number of 0.70 to
0.048 at a Mach number of 1.50. The change in the slope of the curve at
Mb>'l.5 is probably an effect of the previously mentioned rocket

tail-off.

Base-drag. - The base static-pressure ratio pb/po, the base drag

coefficilent CD,b’ and. the Jet static-pressure ratio P4/bo are shown
plotted against My 1in flgure 23. The measured values of the exit
static pressure p, g&ave unrealistic values of exit Mach number and were

considered unreliable. Instead, calculated values of Py based on the

air flow are shown. An abrupt drop in the base pressure ratio from C.86
to 0.48, with a resulting rise in drag coefficient from 0.170 to 0.415,
occurred in the transonic Mach number range for the rocket-off portilon

of the flight, but the characteristic transonic break in the data 1s not
present for the rocket-on phase. The abrupt drop in the base pressure
was accompanied by a rise in the exit static pressure. The exlt pressure
continued to rise rapidly because of the choked condition at the exit,
while the base pressure tended to level off at a M.O of 1.07. Also

ghown are base pressure data from reference 6. Although the data being
reported herein exhibilt uncharacteristic changes in slopes at Mb of

0.85 and 0.95 for the rocket-off flight, thé data are considered to be
valid because of corresponding changes in the total-drag data which are
based on data from an independent measurement with the accelerometer.

Total drag. - The total-drag coefficient based on the maximum cross-

sectional area CD % is ghown as & function of the free-stream Mach num-
2

ber for the rocket-off portion of the flight in figure 24. These data
represent the net force acting on the model as determined from the accel-
eration data. The drag coefficlent dropped from a value of 0.528 at a

Mb of 0.80 to a value of 0.445 at a Mb of 0.86 and then rose sharply

through the transonic range to a maximum value of 0.788 at a MO of 1.09.

]
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The values for the total-drag coefficlent above a Mb of 1.5 were inde-
terminate because of the effect of rocket tail-off.

Figure 25 illustrates the magnitude of the individual drag forces
relative to each other end to the total drag for rocket-off conditions.
An estimated friction drag based on data presented In reference 7 is used
in the figure. The total-drag coefficient 1s presented as a summation of
the component drag coefficients including the estimeted friction drag and
as & force coefficient which was independently determined from the accel-~
erometer data. Agreement between the two methods is satisfactory. The
sum of the cowl, additive, and friction drag coefficients, which would
be the external drag coefficient of a burning ram-jet engine with no base
area, increased from & minimum value of 0.140 at a My of 0.70 to a max-

imum value of 0.470 at & My of 1.81. At the low Mach numbers, the

friction draeg, when compared with the sum of the cowl and additive drags,
constituted a large part of the external drag. At the high Mach numbers,
the friction drag became a smeller part of the external drag than the

cowl plus additive drag. In the transonic Mach number range, the base
drag constituted a large part of the total drag and had a very pronounced
effect on the shape of the total-drag curve: At a free-stream Mach number
of 1.07, the base drag amounted to 53 percent of the total dreg, while

the externsel drag amounted to 39 percent of the total drag. At a Mb of

1.80 the externsl drag amounted to 75 percent of the total, while the base
drag amounted to 21 percent of the total.

Figure 26 illustrates the magnitude of the individual drag forces
relative to each other for the first part of the rocket-on f£flight up to
8 free-stream Mach number of 1.15. The external drag coefficient in-
creased from 0.255 at a Mgy of 0.70 to 0.460 at a My of 1.15.

Equivalent Heat Addition

Calculations were made to determine the total-temperature ratios =
and the resulting propulsive thrust coefficients QCF - CD) for a burning

ram-jet engine that was simulated by the restriction to the air flow at
the outlet during the rocket-off portion of the flight. These calcula-
tions were made for a constant-area combustion chamber. In addition, to
indicate the attaineble performance of this engine with gasoline fuel,
calculations were made to determine mass-flow ratios, propulsive thrust
coefficients, and total-temperature ratios where the product of the fuel-
air ratio and the combustion efficiency was assumed to be 0.06. The re-
sults of these calculations are plotted against Mb in figure 27. The

propulsive thrust coefficient corresponding to the observed mass-flow
ratios increases from O at My of 0.73, T of 3.00, and n/my of 0.490
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to 0.540 at My of 1.80, T of 5.18, and m/mo of 0.612. The pro-
pulsive thrust coefficient corresponding to the assumed (f/é)(nc) = 0.06
increases from 0.140 at Mb of 0.70, © of 7.06, and m/mo of 0.319 to
0.555 at M, of 1.80, ¥ of 5.82, and m/mo of 0.567. Also shown in

the figure is a curve of the propulslve thrust coefficient of the single-
cone inlet engine (model D) reported in reference 8 for the same total-
temperature ratios .as those calculated for the observed mass-flow ratios.
Comparison of the two curves shows the appreciable effect of design Mach
number and inlet type on off-design performasnce. Both these inlets are
designed for approximately the same critical T, (T ® 3.0), but the mass-
flow ratio is much lower at & given MO and T Tfor the double-cone inlet

than for the single-cone inlet. The effect of the lower mass-flow ratio
is & higher additive drag which, in turn, results in a lower propulsive
thrust coefficient. For example, at Mb of 0.80 and < of 3.11, the

propulsive thrust coefficlent of the double-cone inlet engline is 76 per-
cent lower thaen that of the single-cone Inlet englne; at Nb of 1.10

and <t of 3.98, the decrease is 69 percent; and at Mb of 1.70 and <
of 4.55, the decrease is 21 percent.

SUMMARY OF RESULTS

As part of a series of investigations of the transonic and super-

3323

sonic performance of 16-1inch-diameter ram-jet engines, one model which .

had a double-cone inlet with a design free-stream Mach number of 2.4 was
thoroughly instrumented along the spike and externsl cowl in order to ob-
tain detailed drag deta. The model was rocket-propelled to a maximum
free-stream Mach number of 1.87 and then decelerated by drag forces to &
Mach number of 0.65 at ground impect. Data obtalned from the flight pro-
vided the following results:

l. The cowl drag was negative throughout most of the flight, indi-
cating a net thrust force acting on the cowl surface. The negative cowl
drag coefficlent based on the maximum cross-sectional areas reached a max-
imum value of 0.19 at a free-stream Mach number of 1.05 and & mass-flow
ratio of 0.260.

2. At a Mach number of 1.80, the additive drag coefficient based on
the cepture area was 0.470 with g mass-flow ratlo of Q.612. This value
was 20 percent greater than the predicted value for a 25° helf-angle
single-cone inlet operating under similar off-design conditlons.

3. The highest observed valie of additive plus cowl pressure drag

coefflcient for this f£light was 0.327 at a free-stream Mech number of
1.81 and a mass-flow ratio of 0.612.

A TALRE S
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4. The external drag coefficient (cowl pressure plus additive plus
friction drag coefficients) increased from 0.140 at a free-stream Mach
number of 0.70 to 0.470 at a free-stream Mach number of 1.81. At the low
Mach numbers, the friction drag, when compared with the sum of the cowl
and additive drags, constituted a large part of the externasl drag. At
the high Mach numbers, the friction drag became a smaller part of the
external dreg than the cowl plus additive drag. In the transonic Mach
number range, the base drag constituted a large part of the total drag.
At a free-stream Mach number of 1.07, the base drag amounted to 53 per-
cent of the total drag, while the external drag amounted to 39 percent
of the total drag. At a Mach number of 1.80, the external drag amocunted
to 75 percent of the total, while the base drag emounted to 21 percent
of the total.

5. The propulsive thrust coefficient corresponding to the observed
rocket-off mass-flow ratics was equal to O at a free-stream Mach number
of 0.73, a total-temperature ratio of 3.00, and a mass-flow ratio of
0.490; the value increased to 0.540 at a free-stream Mach number of 1.80,
a total-temperature ratio of 5.18, and a mass-flow ratio of 0.612. The
propulsive thrust coefficient corresponding to an assumed product of fuel-
alr retio and combustion efficiency equal to 0.06 was 0.140 at a free-
stream Mach number of 0.70, a total-temperature ratio of 7.06, and a mass-
flow ratio of 0.319; this value increased to 0.555 at a free-stream Mach
number of 1.80, a total-temperature ratio of 5.82, and a mass-flow ratio
of 0.567.

6. Comparison between ram-jet engines having approximately the same
critical total-temperature rdtio but different type inlets and design
free-stream Mach numbers (single-cone inlets designed for a free-stream
Msch number of 1.8 and double-cone inlets designed for a free-stream Mach
number of 2.4) indicated thet the transonic propulsive thrust coefficient
of the double-cone engine is as much as 69 percent lower than that of the
single-cone engine operating at the same total-temperature ratio.

National Advisory Committee for Aeronautics
Lewis Flight Propulsion Laboratory
Cleveland, Ohio, August 3, 1954
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m

23

and diffuser instrumentation.



24

Net acceleration, a,, g

Altitude, ft

Free-stream Mach number, My

NACA RM ES4HO2

-4

40x103

30

20

10

[
.
o

Ll
n

AN

‘\“\NL\N

10

20 30 40 50
Time aFter release, gec

Figure 8. - Time history of flight.

60

£2ee



25

NACA RM E54HOZ

2.0

[
1 \ 2
I | \ /
| [ / /
o & ! I ©
mm | ! \ / -
44 ! ! LN
& & I | {
| | ] /. <«
| 1 \ 1._
( | , \
| ] | \
! ! \ &
{ \ ~
|
! _ \ /
! \
. ! \ o
T T \ -
/ / _ /
\ A }
/ 7/ 7 /
/7 4
\ / ©
/ / /
4 \\ /
Vi Z Y]
[{e]
3 o
S S 8 o ] @ S 8
0 mn m
—t
= ..ou foamgm sqe 2.5 be/qr 03 ¢oms a4 ‘(23 %0°ST 30 WadusT

-xadmsq 079998 WBOXLH-I0XL

ceee

=00

-gaad DT4898 WBIAYH-IBI]

Apoq uo peseq) Ioqumu SpTOULSY

Free-stream Mach number, "O

Figure 9. - Free-stresm flight conditions sgainst free-stresm Mach mmiber.

K i



Mass-flow retlo, w/m,

T T I ]
O Rocket on
O Rocket off
¢ Average valuee observed 7
during unsteble flow
conditions
7 /
.
e
/

.8 / ﬂ‘_,,.-l'.‘l—|:|
Theoretical waximum Ve 4 g
mesa-flow ratio

—t— | e /l

.5 =

Elll]"I:!|:| h:lu-u-tl:h«n-“ﬂ"n— jd

/5%
g
™~ /

| SN

.2
.6 .8 1.0 1.2 1.4 1.8 1.B

Free-streem Mach number, ¥

g-flow retio with fres—stresm Moo hoTe

= e, _ AAAE8-1 10W LIce—sireoam 2 A TmmDer .

2.0

[Yp]
ol
3211
M)

92

o

cOHFSE W VOVH




3323

CC-4 back

NACA RM ES4HOZ

Totel-pressure recovery, Pp/P,

27

$gdo

T R T LI
Experimentel, rocket on
Experimental, rocket off
Unpublished 8- by &-foot
supersonic wind tunnel

data (two-shock inlet

operating at same mass-
flow ratlos as rocket-

off f£light)

¢ Average values chserved

during unsteble flow

conditions

1.04

Z!E

1.2

l.4

Free-stream Mech number, Mo

1.6

1.8

2.0

Flgure 11, ~ Effect of free-stream Mach mumber on total-pressure recovery in diffuser

4,06 inches downstream of inlet.

o



28

Cowl static-pressure ratlo, p c/po

NACA RM ES54HO2

O RN

——

‘D,GG'O_O——‘—O/ Cowl profile

4 0 {(po/2g)
;73 /N N N I O N I B B
L e‘ / Hass-rlov! rar.!!o,
N: v m/m0
0.541

o
= o - g0

[ T

o4
(a) Pree-stream Mach number, 0.70.
1. = =
M
—
E — (po/po)sonic
IR
X N
.sojc.'é Y '/
! -
_A
v o 0.308
[m] 485
(b) Free-stream Mach number, 0.80.
1.2 - - - - =
i
(pc po)scmic -0
8 Y T A
. lo/ J/
—
Pa —
/m
41 ’ O 0.283
O .47¢
% R .2 3 4 5T .8 .7 .8

Axiel distance parameter, S/3
{c) Free-stream Mach number, 0.9C.

Figure 12.-- Effect of mass-flow ratioc on cowl-surface pressure distribution.

o



3323

NACA RM E54HO2 SO

0

Cowl statlc-pressure ratio, pc/p

—_—O—
Cowl profile
1.2 T
\ (pc/po)snnic

1.0 \

K 1o

. L= P [—F1

/4///
——1
o ,/(

\ B
i ,(‘j | // Mass-flow ratio,
}’ m/}

L~ Ty
\\\WD—-———””‘
" o 0.264
¢ ] .471
.2

(d) Pree-stream Mach number, 1.00.

m/mg
1.0 O 0.260
d\ O .475
o e
/
/
] é{‘ / ! /
,/////A
L~

-2 1 2 .3 4 .5 .6 7 .8
Axial distance parameter, S/d

(e} Free-stream Mach number, 1.10.

Figure 12, - Continued. Effect of mass-flow ratio on cowl-surface pressure
distribution.

SlRRNRLAL

‘29



30

[}

Cowl gtatic-pressure ratio, pc/p

NACA RM E54HO2

Cowl profile

1.6
_\____1___ ______ ———-Pe/Po sonte—————
l.2 \
1.0 qé
\ HE
: — | o
\ P I ——
8 L &
. /
— ,/’// Masa-fl;w ratio,
m/m
”/,, (o]
4 {ho.Q. - o) 0.285
;/ o .485
“o .1 .2 .3 .4 .5 .8 .7

Axial distance parameter, S/4

(£} Pree~-stream Mach number, 1.20.

Figure 12. - Contlnued.
distribution.

Effect of mass-flow ratlio on cowl-surface pressure

geee



3323

NACA RM ES4HOZ

Cowl statlc-pressure ratio, pc/po

I g

D,OO’O'O/O”, Cowl profile

3L

2.
1.8
(pc/po)scmic
1.6t+—F——F——"FF—F—F—F——1— - — T =T — .= =
1.4 \
Mass-flow ratio,
m/m,
[} 0.385
.530
1.
a\
1.0 ﬁ\
S I
.8 O\ \ O = ey ol
|
/ /
T o b 1|
Y
»}1 \// ///
6 h 1
. -
45 1 .2 .3 v .5 .6 .7
Axial distance parameter, S/d
(g) Free-stream Mach number, 1.40.
Figure 12. - Continued. Effect of mass-flow ratio on cowl-surface pressure
distribution.



32

Cowl static-pressure ratio, pc/'p0
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Figure 18. - Effect of free-stream Mach mumber on spike-surface
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Flgure 22. - Effect of free~stream Mach number on internal drag coefflcient for
rocket-off conditions.
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Figure 25. - Component and total-drag- coefficients against free-stream Mach

number for rocket-off conditions.
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